Introduction
Bodies and limbs come in many shapes and sizes. They change across early development and across the lifespan. They can be typically or atypically formed [1] . And yet despite this incredible diversity, animals develop similar capacities for coordinated neural control of the muscles that move each joint within each limb. Whether we are observing a human infant reaching for a toy, an elephant using its trunk to paint with a brush, or a two-legged dog walking upright, it is apparent that all animals learn to use the body they have in functional and flexible ways. But how does this functionality and flexibility arise?
Some believe that complex behaviors are built from 'motor primitives': endowed units of behavior, hardwired in the spinal cord, that arise fully formed without the need for experience [2] . However, demonstrations of motor learning in fetal rats [3] and prolonged plasticity in the spinal reflexes of human infants [4] have long revealed the limitations of such concepts. Also, developmental psychologists [5] [6] [7] and developmental roboticists [8, 9] have emphasized how infants discover through self-generated movement how their bodies work, and how they change over time. Not surprisingly, this process of discovery has been presumed to occur when infants are awake and engaging in such intentional movements as reaching, crawling and walking. In addition, awake infants exhibit a variety of spontaneous movements, including ''kicking, rocking, scratching, waving, bouncing, banging, and swaying'' ( [10] p. 130), which may form the foundation for the later-emerging intentional movements. But movements are not restricted to periods of waking, a fact whose significance looms larger when we consider the predominance of sleep, especially active (or REM) sleep, during the perinatal period in both humans and other mammals [11, 12] . For example, human newborns sleep for 16 hours each day, 50% of which is active sleep [11] .
Here we argue for consideration of another class of movements -also spontaneous but occurring during active sleep -comprising brief, discrete and jerky movements of the limbs. Traditionally, these myoclonic twitches have been dismissed as mere flotsam of the dreaming brain [13] . Indeed, to the naked eye, twitches seem to have no discernible purpose. But when we look deeper, we see that twitching is a distinct form of movement that seems well suited to contribute to the development of the sensorimotor system. Specifically, and in contrast to wake movements, twitches are discrete movements produced against a background of muscle atonia, thereby making it easier for the nervous system to track the relationship between the motor signal that triggers a twitch and the sensory feedback signal arising from that twitch. In other words, twitching is a particular kind of spontaneous motor activity that, like spontaneous activity elsewhere in the nervous system [14, 15] , may contribute in a variety of ways to activity-dependent developmental processes, including processes affecting bone formation, neuromuscular development, and somatotopic organization [16, 17] .
Self-organizing the Sensorimotor System: A Metaphor Early in mammalian fetal development, pools of motoneurons in the spinal cord begin to establish connections with skeletal muscles in the limbs. Initially, these connections are imprecise and somewhat haphazard, but by adulthood, precise mapping relationships have emerged [18] . How are these precise relationships between spinal cord and muscle established, refined and maintained? And how does the developing animal integrate this foundational sensorimotor loop within the web of additional sensorimotor loops that span the brainstem and forebrain [19] ?
Let us simplify the problem and consider a switchboard (see Figure 1 ) in which each switch (motoneurons) is connected in unknown ways to an array of light bulbs (muscles). To determine how the switches control the lights, the solution is straightforward: throw each switch in succession and keep track of the lights that turn on. If a brightly lit room makes it harder to see which bulbs are lighting up, dimming the room lights will help. Once a map of the connections linking switches and lights is established, the switchboard can be used to turn on the lights in any desired sequence or pattern. Moreover, additional switchboards can be added to produce more complex patterns with the throw of a single switch. Returning to the sleeping infant, we see how myoclonic twitching, like the successive throwing of each switch, comprises discrete events that give rise to discrete sensory responses. By producing twitches against a background of muscle atonia, analogous to dimming the room lights, their signal-to-noise ratio is enhanced. In contrast, if several switches are thrown at once in a brightly lit room -analogous to high-amplitude, coordinated limb movements during wakefulness -the resulting sensory information would be more ambiguous and thus more difficult to resolve in a developing sensorimotor system.
In addition to establishing and refining connections and topographies, twitching may play functional roles later in development and throughout the lifespan. After all, once these maps are established, they must be continually recalibrated as bodies grow and change in size and shape; and when disease or accident strikes, the maps must be repaired. At present we cannot explain this capacity to develop, recalibrate, and repair sensorimotor maps at multiple levels of the neuraxis, but twitching provides one credible mechanism. The fact that twitching occurs during sleep is also consistent with contemporary views of sleep as a period of heightened neural plasticity and consolidation of memories [20] , including motor memories [21] .
Sleep-related Twitching in Perinatal Rats
Human infants spend a disproportionate amount of time in active sleep. This fact inspired the ontogenetic hypothesis, which posited a direct link between active sleep and brain development [11] . Like humans, rat pups also spend a disproportionate amount of time in active sleep [12, 22] . Based on this and other similarities, we can look to pups to test basic hypotheses about the structure and functions of sleep. Although newborn rats are the focus of the discussion here, however, it should be stressed that sleep-related twitching emerges from the earliest movements of mammalian fetuses [23] and is a prominent and ubiquitous feature of early postnatal mammalian life, especially in altricial species (such as cats) but also in precocial ones (such as guinea pigs) [12] .
When a rat pup is awake, it may move around, lift its head, suckle, yawn, kick and stretch. If muscle activity is recorded while the pup performs these acts, it will reveal a high baseline level of muscle tone along with bursts of muscle activity, especially in those muscles that control the particular movements. Even when behaviorally quiescent, a pup may exhibit heightened muscle tone. But as a pup falls asleep and the limbs and head noticeably relax, muscle tone decreases. Then, suddenly, a flurry of limb jerks ensues accompanied by sharp spikes of muscle activity. To the naked eye, this flurry of activity appears random and uncoordinated. The combined presence of muscle twitches against a background of muscle atonia is a hallmark of active sleep ( Figure 2A ). Also, in rat pups, twitching appears to be controlled by neural systems located within the spinal cord and brainstem, but not the forebrain [22] .
All skeletal muscles examined thus far twitch during active sleep. This includes the skeletal muscles that control the limbs, head, and tail. Rapid eye movements (REMs) are produced by twitches of the eye muscles [24] ; even rat pup whiskers twitch [25] . Over just one 15-minute period, a single muscle can exhibit hundreds of twitches, which translates into hundreds of thousands of twitches across the body each day. Clearly, sleep is not an absence of behavior. But is this behavior, as it appears to the naked eye, random and uncoordinated?
In fact, twitching is a highly structured motor behavior. Using high-speed videography and three-dimensional motion tracking ( Figures 2B-D) , we investigated the spatiotemporal organization of twitching at individual forelimb joints in newborn rats. Figure 2D depicts twitching at three time-scales in an eight-day-old rat; the shoulder, elbow and wrist of the right and left forelimbs exhibit a complex spatiotemporal structure comprising bouts within bouts. Detailed analysis of these bouts reveals synergistic joint movements within and between limbs. For example, when the right shoulder twitches toward the body (adducts) there is a high likelihood that, within 100 ms, the right elbow will flex, the right wrist will extend, and the opposite shoulder will adduct. We also routinely see the complementary synergy of shoulder abduction with elbow extension and wrist flexion. In other words, there is nothing random or uncoordinated about twitches: They are as organized as the more familiar wake movements, even as they are strikingly and profoundly different from them.
Although assessments of limb biomechanics during twitching reveal rich spatiotemporal structure in postnatal rats, spontaneous motor activity, including twitching, begins as early as embryonic day (E) 17 [26, 27] . The within-limb kinematics of these prenatal movements are not known, but between-limb movements are clearly organized into bouts and, as late as E20, they rely largely on spinal mechanisms for at least some aspects of their temporal structure [26] . Over development, brainstem mechanisms are increasingly important for producing twitches and for coordinating their expression with other components of sleep, including muscle atonia, but it seems likely that spinal mechanisms continue to contribute to some aspects of twitching at least through the early postnatal period [22, 28, 29] . Even in adults, the neural mechanisms of atonia and twitching have yet to be fully understood. However, recent work in rats [30] shows that muscle atonia in trigeminal motoneurons results from concurrent inhibition by GABA A , GABA B , and glycine; in contrast, twitches are triggered by glutamatergic inputs Figure 1 . A metaphor for understanding how discrete twitches can help self-organize the sensorimotor system. Faced with a bank of unlabeled switches (left) and a cluster of light bulbs (right), it is not possible to know a priori how to control the lights. A similar problem is faced by the developing sensorimotor system. To achieve a functional map between switches and lights, one can sequentially throw each switch (motoneurons) and tally the lights (muscles) that turn on. Developing animals may use discrete twitches during active sleep to establish, refine, maintain, and repair sensorimotor circuits at multiple levels of the nervous system. onto motoneurons coupled with phasic glycinergic inhibition [31] . In addition, transgenic mice with disrupted glycinergic and GABAergic functioning exhibit a variety of abnormal motor behaviors during sleep that are reminiscent of those observed in REM Sleep Behavior Disorder [32] .
Although there is a clear abundance of twitching in neonates, it does not necessarily follow that twitching contributes to brain development. Given the general consensus that sleep is a period of diminished sensory experience, it seemed unlikely that any sensory feedback from twitches could affect brain activity. But beginning ten years ago with the discovery that twitches trigger so-called spindle bursts (brief oscillatory events) in the somatosensory cortex of newborn rats [33] , it became clear that the sensory experience of the sleeping infant is not as impoverished as it once seemed. As is now known, sleep-related twitches trigger neural activity throughout the neuraxis in infant rats as well as humans [25, [34] [35] [36] [37] [38] . Sensory feedback from twitching in rat pups has also been implicated in the self-organization of the spinally mediated withdrawal reflex [39] . Thus, in a surprising twist, twitching -similar to retinal waves in the developing visual system [40] -has emerged as a primary driver of neural activity in early development. Moreover, based on the sheer volume of twitching and twitch-triggered neural activity, twitches seem likely to participate in the development of sensorimotor maps at multiple levels of the neuraxis.
'Sleeping Robots' and the Self-organization of Spinal and Supraspinal Circuitry In recent years, the steep challenge of building robots that behave in flexible and adaptive ways has led roboticists to appreciate that even the most sophisticated software, when coupled with static hardware, will not suffice. This challenge has encouraged the pursuit of control strategies that are more general and adaptive, and more biologically inspired [41] , than those traditionally used. The emerging field of developmental robotics is the outcome of this pursuit [9, 42, 43] . Developmental robotics looks to developmental biology for guiding principles that offer insights into how artificial systems might acquire appropriate control strategies in an autonomous and incremental way. Furthermore, the field is guided by the notion that robots acquire critical information about their mechanical structure through selfgenerated movements and the resulting sensorimotor feedback. The expectation is that a robot equipped with this basic general bodily knowledge could subsequently exploit that knowledge to learn a variety of motor tasks, including reaching and walking.
So, can twitching, as a special form of self-generated movement, contribute to a robot's knowledge about its body and how it works? As a first step toward addressing this question, computer simulations of limbs and associated neural circuitry were created [44, 45] . More recently, these simulations have migrated to an actual robotic platform, with similar results. In both the simulations and robots, the general approach was the same: to mimic the production of, and sensory feedback from, 'twitches' and assess the possibility of transforming initially undifferentiated neural circuits into differentiated circuits comprising functional sensorimotor connectivity. These circuits take the shape of a fully connected perceptron, in which the connections mediating sensor and motor signals are self-organized using [34] . (B) Time-lapse photograph, compiled from two high-speed video frames, of a supine eight-day-old rat exhibiting a discrete twitch of the left elbow (arrow). The white dots are used for motion tracking of joint movements. (C) Log-survivor plot of inter-twitch intervals for eight-day-old rats across shoulder, elbow, and wrist joints in the two forelimbs (pooled over >5000 intervals). The red dashed line indicates the approximate inflection point separating intervals occurring within and between bouts of twitching at this timescale. (D) Spatiotemporal organization of twitching in an eightday-old rat at three timescales. Each tick mark indicates the occurrence of a twitch in the right (red) or left (blue) forelimb at the shoulder, elbow, or wrist, as determined using high-speed video and motion tracking. For each joint, two movements are depicted: adduction and abduction for the shoulder and flexion and extension for the elbow and wrist (denoted by solid and dashed lines for each joint). Non-random distribution of twitching is evident at each timescale, especially at the two smaller timescales in which the bout-within-bout structure of twitching is most apparent. an anti-Hebbian learning rule [46] . Our experiments with these robots show how initially unstructured patterns of 'twitching' can contribute to the selforganized differentiation of the most basic spinal circuits -circuits that are routinely considered primitive, hardwired, and innate. The methodology used for these simulations is based on that used to investigate the self-organization of the limb withdrawal reflex in infant rats [39] . In addition to the withdrawal reflex, other spinal reflexes were examined including the myotatic reflex (which counteracts the stretching of a limb muscle), the reciprocal inhibition reflex (which prevents competition by antagonist muscles around a single joint), and the reverse myotatic reflex (which helps to prevent excessive forces at joints). The robot platform used in these experiments is shown in Figure 3A . It consists of a rigid rod (analogous to a bone) that moves as a pendulum about a single axis. The rod is actuated using a pair of antagonistically arranged artificial muscles (M1 and M2). The artificial muscles consist of an electric motor in series with a spring element [47] . The platform has sensors that are meant to mirror those projecting to the mammalian spinal cord: length sensors provide information analogous to muscle spindles (S), force sensors provide information analogous to Golgi tendon organs (G), and tactile sensors provide information analogous to cutaneous tactile receptors (C). The pendulum is immersed in water so as to simulate the uterine environment as well as to make possible tactile feedback from muscle contractions.
Within this artificial system, 'twitches' are generated that, like their in vivo counterparts in rats, entail discrete activation of muscles followed by their resulting discrete sensory feedback. During the initial training stage, 'twitches' are delivered to the robotic muscles in an alternating temporal sequence. This process is meant to mimic the conditions of active sleep. Critically, to provide a convincing demonstration of the power of the developmental robotic approach, it is important that, at least initially, the 'twitches' have no inherent spatiotemporal structure that might bias the results.
With each twitch, the resulting movements of the pendulum trigger distinct patterns of feedback in the sensory channels ( Figure 3B ). Across this training period, all possible pairs of sensor and motor signals are correlated using an anti-Hebbian learning rule [44] . The correlation between each sensor-motor pair defines the weight of the connection. Remarkably, from an initially undifferentiated network in which every sensor element is connected indiscriminately to every motor element ( Figure 3C ), highly structured reflex circuitry, analogous to that found in the mammalian spinal cord, is obtained ( Figure 3D ). Given that the sensor information induced by a single 'twitch' is highly stereotypical, the final reflex circuitry is stable and can be achieved reliably. Also, alterations or disruptions to the 'twitches' or their sensory feedback result in different mapping relationships between sensors and muscles [44] .
There are many important ways that robots can help test specific hypotheses concerning the functions of twitching, particularly where such tests might be difficult to perform in vivo. We have emphasized the spatiotemporal organization of twitches and muscle atonia as two potentially important 'design' features of this system. Thus far, as already described, the patterning of robot 'twitches' has been very simple: only single 'twitches' with relatively long inter-twitch intervals -and no bout structure -have been used. From what we know about twitching in rat pups, however, it will be possible to 'play' actual twitch patterns to robots and assess the functional costs and benefits of such patterns. Such an analysis may gain additional relevance as the robot model is elaborated further to include more than one limb and multiple levels of sensorimotor loops; within that context, the possible functional value of the 'bout-within-bout' spatiotemporal organization of twitching ( Figure 2D ) for the development of sensorimotor maps may reveal itself.
Similarly, we can use robots to assess the functional value of muscle atonia, also something that would be very difficult to test in animals. For any given set of twitch parameters that produce differentiated neural circuits in robots, we can modulate the background muscle tone against which the twitches are occurring and assess the consequences of the increased tone for sensory feedback and circuit differentiation. Also, we could go further to assess the relative value of 'twitch' and 'wake' movements -with and without muscle atonia -for neural circuit differentiation, an approach that has the potential to reveal the critical differences between the states of sleep and wake for the development of sensorimotor systems.
In the initial model of the sensorimotor system [45] , the neural source of 'twitching' was conceptualized exclusively as an output device, impervious to the sensory consequences of twitching. However, experiments in fetal and neonatal rats suggest that patterns of twitching may become more complex with age, reflecting the addition of new neural elements and also the modification of existing neural elements [26, 28, 29] . In other words, twitches may be both a product of the nervous system and a source of feedback to the sensorimotor system that modifies the future expression of limb movements, including twitches. It will be important to determine in vivo whether twitching modulates its own expression, but it is also an issue that can be explored within the robot platform by modifying the neural elements that produce 'twitching'.
Conclusions
Developmental psychologists have highlighted how human infants autonomously create their own development [5] [6] [7] . Among the more striking observations within this tradition is the finding that human infants accumulate thousands of steps each day -and hundreds of falls -on their path to skilled walking [7] . This immense 'practice regimen', exhibited during waking, is mirrored by the equally immense 'practice regimen' in the form of twitching, exhibited during sleep. As a pup probes each of its limbs through twitching, biomechanical information about the limb is relayed to the spinal cord and brain, including information about the number of joints, the number of muscles controlling each joint, and the active and passive limb movements that result from individual muscle activation. It is through this process of self-discovery that a young animal learns how each of its limbs is structured, how it works, and how it changes with age. We believe that it is also through this process that peripheral limbs and muscles are topographically mapped and integrated within the hierarchically nested sensorimotor loops that span the neuraxis.
It is generally acknowledged that robotics and biology have great potential for cross-fertilization [48] , and some roboticists are looking specifically to developmental biology and developmental psychology for clues to flexible and adaptive behavior [9, 41] . Experiments in developmental robotics have already revealed how increasingly complex movements ''can be discovered and acquired by the neural-body dynamics without pre-defined coordinated control circuits'' ( [49] p. 589). This interdisciplinary approach inspired the prediction that a robotic limb probed with discrete 'twitches' would exhibit self-organization of functional neural circuits. As we have seen, this prediction was borne out quickly and powerfully. Now, building on this initial success and looking to the future, we envision many additional rounds of theory construction and hypothesis testing with the mutual aim of building better robots and better models of sensorimotor development.
